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Ahstract

The development of a computational model on dynamic stability is
summarized. The model is able to predict profiles of slopes with an
arbitrary shape under wvarying wawve conditions. The model is used to
design a berm breakwater in relatively deep water (18 m) and for severe
wave conditions (Hg = 7.6 m). First the dimensions of the berm
breakwater were optimizeé with respect to the amount of required armour
stone. Then the influences of water depth, stone class and wave climate
were investigated. Finally the stability after the Eirst storms was
analyzed in more detail.

Résumé

L'étude r#sume la mise au point d'un mod€le de caleul de la stabilité
Gynamique. Ce modéle permet de prédire des profils de pentes avec une
forme arbitraire dans des conditions de vagues variables. Le moddle est
utilisé pour concevoir un brise-lames 2 risberme en eau relativement
profonde (18 m) peour des conditions de wvagues rigoureuses {Hy =
T,6m). Les dimensions du brise~lames & risberme ont d'abord &té
optimisées en fonction de la gquantité de pierres de carapace
nécessaires. Les influences de la profondeur d'eau, de la c¢lasse de
pierres et du rfgime des vagues ont ensuite ®té ttudifes, Enfin, la

stabilité aprés les premilres temp8tes a &té analysée de fagon plus
détailliée.
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Application of computational model on berm dreakwater design
J.W. van der Meer*
Abstract

The development of a computatiomal model on dynamic stability is sum-
marized. The model is able to predict profiles of slopes with an arbi-
trary shape under varying wave conditions. The model is used to design a
berm breakwater in relatively deep water (18 m) and for severe wave con-
ditions (Hg = 7.6 m). First the dimensions of the berm breakwater were
optimized with respect to the amount of required armour stome. Then the
influences of water depth, stone class and wave climate were Investiga-—
ted. Finally the stability after the first storms was analyzed in more
detall.

Dypamic stabllity

Most breakwaters and revetments are designed in such a way that only
little damage 1s allowed for 1inm the design criteria, damage belng defi-
ned as the displacement of armour units. These criteria demand large and
heavy rock or artifieial concrete elements for armeuring. A more econo-
mic solution can be a structure with smaller elements, proflle develop—
ment being allowed in order to reach a stable profile.

The Hg/ADp5o parameter can be used to give the relatiomship between
different structures, see Figure 1, where: Hg = slignificant wave helight,
& = relative mass density and Dy50 = nominal diameter of average stone
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Figure 1 Type of structure as function of HS/ADnso

$mall values of Hg/ADpsg glve structures with large armour units. Large
values 1mply gravel beaches and sand beaches. Figure 1 gives the follo-
wing rough classification:

- statically stable breakwaters: Bg/ADgsg = ) — 4

= berm breakwaters and S-shaped profiles: Hg/ADpsp = 3 = 6

=~ gynamically stable rock slopes: Hg/ADg5g = 6 = 20

- gravel beaches: Hg/ADp5g = 15 — 500
~ sand beaches: Hg/ADpso > 300

* belft Hydraulies, P.Q. Box 152, 8300 AD Emmeloord, The Netherlands
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Van der Meer and Pllarczyk (1986) described a computational medel for
the profile development of rock slopes and gravel beaches. The area
given by Hy/8Dp50 = 3-500 was covered by this computational medel. The
model will be described briefly and will then be applied to the design
of berm breakwaters. This means that the application is focussed on the
area given by Hy/ADy50 = 3-6.

Goveruing variables

The governing strength variables are:

stone size, grading of the stome, shape of the stonre, initial slope and
shape of the foreshore.

In the paper the size of armour units or gravel is referred to as the
average mass of graded rubble or gravel, Wsp, or the nominal diameter,
Dps0, where:

Dnso = (Wso/pg)t/? e
where: Dps0) = nominal diameter (m}

Wsg = 50% value of the mass distribution curve (k§)

P, = mass density of stome {kg/u?)

" The relative mass density of the stone In water cam be expressed by:
A=pulp -1 (2)

vhere: A = relative mass density -
p = mass density of water (kg/m?)

The grading of the stone is expressed here by Dg5/Pis5, where the sub-
seripts refer to the 85 and 15 percent value of the sieve curve, respec-
tively. The shape of the stone can be angular, rounded or flat. The fni-
tial profile can vary from a uniform slope to a berm profile or a struc—
ture with a low crest.

The governing load variables are:
significant wave height Hg, average wave period T,, storm duration given

by the number of waves, N, the angle of wave attack, ¢, and water level
(tide).

Conclusions on test results

One of the mair conclusions of the meodel fnvestigation (Van der Meer
and Pllarezyk (1986)) was that in spite of different imitial slopes, the
same profile is reached for a large part of the total profile. This part
ranges from the crest to the trausition to a steep slope (the step) at
the deep water end of the profile. Figure 2 gives the same profiles for
a 1:5, a 1:3 and & 1:1.5 uniform initial slope. Only the upper and lower
parts of the profile are in faect dependent on the infitial slope. The
direction of transport of material and the pesition of the profiles is,
of course, largely influenced by the initial slope.

The same conclusion was drawn from the results of the tests in which
the influence of tide was Investigated. In fact, the profile changed
directly with changing water level, providing that Hg/ADusg > 10 -15.
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Figure 2 Profile obtained with different initial slopes

Static stability is largely dependent on the initial slope, as is
clearly expressed by the well known Budson formula. Of course, for dyna-
mically stable structures which are almost statically stable, the 1ai-
tial slope has alsoc influence on the preflle. It can be stated that, for
Hg/ADpsg < 10 - 15 the initial slope has influence on the profile.

From the analysls 1t could be concluded that the wave spectrum shape
had no or only minor influence on the profile, provided that the average
wave period was used to cowmpare the tests, and not the peak period. The
same coacluslon was found for statlc stabllity by Vao der Meer and
Pilarczyk (1987). The grading of the material alsc has no or only minor
influence on the profile, using the nominal diameter, Dygg, as a refe-
rence.

Summarizing, from comparison of profiles it was concluded that wave
height Hg, wave perlod T,, number of waves, N, and nominal diameter
Dps50, all have influence on the dynamlic profile.

The spectrum shape and the grading of the material have no or only minor
influence; the initial slope has ne influence on a large part of the
proflle for W /AD5q > 10 - 15.

Development of a model on dynamic stability.

On the basis of the conclusions described above a model was developed
te describe the dynamic profile. Two points on the preofile are very im—
portant. These are shown in Figures 3 and 4, where profiles for a 1:3

siope v 1:3

slope ro 132

Figure 3 Schematized 1:3 profile Figure 4 Schematized 1:2 profile
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and 1:2 uniform slope are i{llustrated schematically. The first poiat is
the upper point of the beach crest and the second point the transition
below SWL from the gentle part to a steeper part. The local origin is
chosen at the intersection of the profile with the still water level.

Figure 5 shows the model for a dynamic profile. A 1:5 uniform imitfal
slope is shown with 2 high beach crest and a step. The profile 1s sche-
matized by using a number of parameters all of which are related to the
local origin or to the water level. The beach crest 1s deseribed by the
height, h., and the length, 1l.. The tramsition to the step 15 described
by the height, hg, and the length, 1. Curves, described by power func-
tions, start at the local Brigin and go through these two points. The
Yun-up length is described by the length, 1y- The step is described by

two angles, § and v. Finally, the transition from B to vy is deseribed by
the tramsition height, h.

\ y-0xis
N 1e [y
i e P
beach mitial slope ~ 1:5
eac
3 crest y=cxd
e, ===
\\
\'\
~
\\.
I~ Iy
X QXIS SwWL
~ T
i "N
M
\‘\
~ hﬂ
~
vza xb) h i
"\'\\\\
N, step
5 \\\
) L \\\
. ~
&y -~
B u

Figure 5 Model for dynamic projile

The final analysis resulted in relationships which described the above
profile parameters as a functionm of the boundary conditions.

These relationships for the haight and leagth parameters, the power
curves and the two angles B and vy were used to develop a computer pro-
gram. For low Hy/ADpsg values (smaller than 19-15) an equivalent slope
angle was introduced and used im the relationships. This program can be
used to calculate the profile, starting from an arbitrary slope and with
varying water levels (tide) and wave conditions.
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Figure 6 Measured and calculated profile developed from an arbltrary
initial slope

Ir one test the man who constructed all the models was asked to build
an arbitrary slope in the way he preferred. Figure 6 shows the slope he
constructed and the measured and computed profile. The initial slope had
an apper slope of 1 in 3 and a lower slope, with some irregulariries,
varylng between 1 in 1.5 amd 1 in 2. First the profile 1s ealculated
with the local origin at the intersection of the initial profile with
the still water level. It is clear that this is not the right position
of the profile. By means of an lteration process the profile {s maved
along the still water level untill the mass balance is fulfilled.

Berm breakwater concept

The berm breakwater can be regarded as an unconventional design. Dis-
placement of armour stomes in the first stage of its life time {s accep~
ted. After this displacement (profile formation) the structure will be
mor: or less statically stable. The cross-szction of a berm breakwater
consists of a lower slepe l:m, a horizontal berm with a lenmgth b just
above high water, and an upper slope lin. The lower slope is often steep
and close to the natural angle of repose of the armour. This means that
m is roughly between 1 and 2.

During the design of a berm breakwater the following aspects should be

considered:

=~ Optimum dimensions of the structure: m, n, b and crest height, obtai-
ned for chosen design conditioms.

- Influence of water depth.

= Influence of stone class.

~ Influence of wave climate.

= Stability after first storms.

The following boundary conditions are chosen for the design of a berm
breakwater which were ia fact taken from z project in the Spanish Medi-~
terenlan:
~ waterdepth up to 18 m.
= no tidal range
~ wave climate: 1/1 year : Hy = 4.7 m T, = 82s

1/5 years : Hg = 5.9 m Ty ™ 9.0 s
1/50 years: Hg = 7.6 m T, = 10.0 s

.
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storm duration of 6 hours
available stone classes: 0.5 - 9t, Dycg = 1.0l m
1 - 9t, Dosg = 1.1l m

3 - 9, Dnso = 1.19 m
~ relative mass density: A = 1,55

~ beraz 0.5 w above the still water level {SWL).

1

Design of berm profile

The optimum values of m, n, b and crest height will be established for
a water depth of 18 m and the 1/50 years wave conditions, Hg = 7.6 m and
Ty = 10.0 s. This means that the structure 1s designed for Hg/ADpso =
4.9. The optimum value of b can be established for various combinations
of n and n and for the stone class with Dpsg = 1.01 m. The eriterion for
the optimum value of b was the minimum value for which the upper point
of the beach crest (see Figs. 3 and 4} was not a part of the erosion
prefile. In fact the upper polat of the beach crest should lay on the

Initial slope,in order to prohibit erosion of the crest of the initial
profile

For each combination of w and n the minimum value of b was obtained
iteratively, using the computationzl model. Figure 7 shows the minimum
lengths of the berm as a function of the upper and lower slope angles.
The berm length decreases almost linear with increasing lower slope, m.
The same conclusion can be drawn for the upper slope, n.
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Uppar blope n=4/3
Uppar slope n=1.5
Uppar alope n=2.0
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Minimum berm length b (m)
o

o 1 4
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Figure 7 Minimum berm leng

th as a fuaction of down slope and upper
siope

Figure 7 gives no information on optimum values for m and n. In fact
Figure 7 gives various structures with more or less the same stability
(no erosion on the upper slope). Therefore an other criterion 1s intro—-
duced. The amount of stones required for construction can be minimized,
giving the cheapest structure. The height of the upper polat of the
beach erest amounted from 7 to 9 m. The crest helght of the inftlal pre-
file was chosen at a fized level of 9.5 m above SWL which is ahour 1.25
times the significaat wave height. The area of the cross~sectlon from
the crest to the toe of the structure glves a measure of the amount of
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stones required. This amount, B, was plotted versus the lower slope and
for various upper slopes in Figure 8. The berm lengths are the same as
in Figure 7.
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Figure 8 (ross-sectional area as a functlon of down slope and upper
slope

From Figure 8 1t can be concluded that a steeper upper slope reduces
the amount of stomes required. The difference ifs small for the steepest
slopes of n = 4/3 and 1.5. The lower slope has less influence on the
amount of stones required. Based on Figure 8, the lower and upper slopes
were chosen for w = o = 1.5. The berm length becomes b = 19 m (Fig. 7).
This choice of berm breakwater dimensions and the profile after design
conditions is shown in Figure 9.

20 5.

initial slope

distance (m)
o

profile after storm

p o = 75 100
diztancea {m)

Figure 9 Berm breakwater with m = 1.5, n = 1.5, b = 19 m and profile
after 1/50 years storm
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Influence of water depth

With the lower and upper slopes fixed at 1:1.5 the berm length becomes
19 = for a water depth of 18 m. The berm length can be reduced in shal-
lower water using the same design conditions. Figure 10 shows this re-
duction of b for shallower water.
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Figure 10 Influence of water depth on minimum berm length

Influence of stone class

Upte now the wide gradarion of 0.5-9 t with Dpsg = 1.0l m was used.
Heavier stone will show less displacement of materfal. Therefore the
profiles under design conditions were computed for the stone classes
1-9 t and 3% t according to output curves of a view quarries. Figure 11
shows all three profiles. As the differences in Dpso are small, the dif-

fereaces in profile are small too. Tt can be concluded that the wide
(and cheaper) class of 0.5-9 ¢ is satisfactory.
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Figure 11 1Influence of stome class
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Influence of wave c¢limate

The berm breakwater was designed for Hg = 7.6 m, T, = 10.0 s and a
storm duration of 6 hours, being the 1/50 years condition. The struc—
ture, however, will show profile changes for nmuch lower wave heights.
Therefore, the profile was caleulated for a wave height of Hg = 4.7 m,
being the 1/1 year wave helght. It %s furthermore interesting to kaow
the influence of a higher wave height than the design wave height. An-
other profile was calculated for Hg = 9.2 m, belng the 1/400 years wave
height. The profiles are shown in Figure 12. The highest wave height
shows some eroslon of the upper slope, but uader these circumstances
some erosion can be allowed. The armour layer should be thick enough,
however.

297 1400 year H.=92m Tr=12s
1750 year Hg =76 m Tz=10s
1{1year He =4.7m Ty =8s

initial profile
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O 4 - L T
o] 25 50 5 100
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Flgure 12 Influence of wave conditions
The wave perfod has influence on the profile and 1s often an uncertain
factor in the design. The profiles for a lower wave perlod (T, = & s)
and a higher wave period (T, = 12 s) were calculated and shown 1in Figure

13, together with the perled of 10 s. The longer period gives zgain some
erosicn of the upper slope.
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Figure 13 Influence of wave period
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Finally the influence of the storm duration ecan be investigated. Pro-
files for a storm duration of 6, 12 and 24 hours are shown in Figure l4.
The influence is very small. Eroslon increases a lirtle and the material
1s transported downwards.

S8 -

WL

initial profile

distance (m)

. -
fale)

distance (rm)

Figure 14 Influence of storm duration

Static stability

The computational model is valid for structures under dynamic stabfli—
ty. This means that if the wave height {s too small, or the diameter too
large, a profile can not be calculated with this model. The structure
must then be considered as statically stable. New stability formulae
(Van der Meer (1987)) can be applied In that case. The transition from
dynamically to statically stable structures depends on the Hg/ADu5p

value, but also on the equivalent slope angle. A gentler slope is more
stable than a steep slope.

First profile changes to the berm breakwater will occur for relatively
low wave heights. More severe storms will change the profile again. But
how stable is the berm breakwater after its first profile changes? Con-
sider the profile after the 1/l year storm with Hg = 4.7 m. The profile
is shown in Figure 12. The equivalent slope of the profile around the
still water level is about 1:3.6. Choosing this equivalent slope, a da-—
mage curve can be drawn for statlc stability (Van der Meer (1987)). This
curve is shown im Figure 15. Start of damage occurs for 5 = 2-3 and
about one layer of stomes 1s removed for S = 8-12. From Figure 15 fol-
lows that after the 1/1 years storm the structure will act as statically
stable upto Hy = 6 m. In that case about one layer of armour stomes will

be displaced. For higher wave heights the profile will change more and
will become dynamically stable again.

Other applications

The computational model can be used to describe the behaviour of rock
and gravel beaches, 1ncluding the influence of storm surges and tides.
It cam also be used to design a two-layer S~shaped breakwater. The

COMPUTATIONAL MODEL 103

length and slope of the geatle part of the S-shaped breakwater can be
estimated and also the steeper upper and lower slopes- Another applica-—
tion is the predictfon of the behaviour of core and filter layers under
construction when a storm hits the incomplete part of a breakwater.

T cota:=36
. =8 s
Wsog =271

one layer removed

Damage S
5

start of darncge_,////
-
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H 3 4 5 [ 7 ]
Wave height Hs {m)

Figure 15 Damage curve for a statlcally stable homogeneous structure
with an equivalent slope 1:3.6

Conclusions

The development of a computational model on dynamlc stability has been
summarized. This model was used to design 2 berm breakwater. The optimum
dimensions of the breakwater were calculated with respect to the minimum
amount of stoame required for comstruction. The 1/50 years design condi-
tions were used for this procedure. Influences of water depth, stone
class, and wave climate were lavestigated. Finally the transition from
dynamlc to static stability was studled in more detail.
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